Introduction
In a natural environment, body weight homeostasis is regulated through a fine tuning between caloric intake and energy consumption, the latter determined mainly by resting energy expenditure, non-exercise activity and voluntary physical activity.
It is increasingly recognized that appetite and metabolism are variables with strong neuro-biologic control mechanisms. Single gene mutations of the components of the homeostatic system that regulate energy intake are responsible for approximately 5 % of cases of early onset obesity [1] . Notably, the above-mentioned mutations affect proteins which are mainly expressed and act within the central nervous system.
Elegant studies performed in twins, adopted children and their families have established that there is a strong genetic contribution to body mass index (BMI), accounting for 50-70 % of the variability in BMI in humans [2, 3] . But how much of the genetic influence is exerted at the caloric intake level and how much is accounted for by
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Locomotor activity is a complex behavior heavily influenced by social, demographic and environmental factors [4] , but there is also compelling evidence from both experimental animals and humans for genetic neurobiologic influences on locomotor activity. A recognition and understanding of these neurohumoral influences assume increasing importance in the face of an epidemic of sedentary activity and obesity.
Physical activity can be divided into voluntary exercise and spontaneous physical activity. Voluntary exercise is defined as 'locomotor activity that is not directly required for survival or homeostasis and not directly motivated by any external factor' [5] which could be interpreted as sports and fitnessrelated activities. Spontaneous physical activity consists of all remaining activities exploited in daily life (e.g., non-finalized ambulatory behavior, gesturing, maintaining posture, etc.) [5, 6] . It is fair to recognize that many activities fall in a shaded area between voluntary and spontaneous activity.
In mammals, complex interactions have developed to allow cross-talk between fuel homeostasis and physical activity. Short-term caloric restriction or profound starvation decreases locomotor activity while mild long-term caloric restriction increases activity, both in rodents and non-human primates [7, 8] .
Dozens of genes and their variants, including peroxisome proliferator-activated receptor gamma(PPARγ), hypocretins (Orexin A,B), beta-adrenergic receptors (ADRB-2), uncoupling protein (UCP-3), and fat mass and obesity-associated protein (FTO), have been reported to be associated with different levels of physical activity [9, 10] . Several gastro-intestinal peptide hormones including Ghrelin, PYY, cholecystokinin, incretins and insulin also contribute to the regulation of locomotor behavior. Furthermore, components of the reward system such as dopamine receptors, endogenous opioids and the endocannabinoids can deeply influence voluntary exercise.
The comprehensive analysis of the genes and neurohumoral factors influencing the variability of activity is beyond the scope of this review. Instead, the main goal is to provide an overview of the influence of the leptin-melanocortin pathway, a well-studied pivotal player in body weight regulation, on different locomotor behaviors.
Rodent studies
Natural selection led to evolutionary adaptations to the environment that facilitate an efficient foraging behavior to acquire nutrients for reproduction and survival. Studies have shown that it is possible to select mouse lines for either high or low levels of voluntary locomotor activity [11, 12] .
Rodent models have helped investigating the regulators of locomotor action thanks to an objective assessment of activity and the absence of confounding factors that can be present in human studies. Mouse models taking advantage of gene manipulations characterized by the creation of knockouts, knockdowns or overexpression have successfully been used to investigate the neurobiologic mechanisms of locomotor behavior. Voluntary locomotor activity is usually measured by running wheel revolutions (RWA) and describes a rewarding activity, reflecting a self-motivated behavior resembling voluntary physical activity in humans. Home cage activity (HCA) that reflects spontaneous locomotor activity and is responsible for non-exercise activity thermogenesis [6] may be monitored by infrared beams or video-recording in regular cages. In this regard, it should be noted that exercise endurance capacity (which is influenced by the quality of the components of muscle fibers) and total daily activity levels have likely not evolved together and the former is not a predictor of the latter [13] .
Leptin and melanocortin influences on locomotor activity
Leptin is a hormone secreted by adipocytes, proportional to the fat mass, which modulates several neuroendocrine functions regulating body weight homeostasis by inhibition of food intake and increase of energy expenditure [14, 15] .
Leptin-deficient (ob/ob) mice have profound obesity and are hypoactive [16] . Chronic treatment with leptin reverses the obesity and normalizes activity [17] . This is consistent with the prevailing view that the hypo-activity is secondary to the obesity. There is, however, evidence that low doses of leptin rapidly increase RWA and HCA the first day of treatment, indicating that this effect is not merely secondary to the leptin-induced weight loss [18, 19] . Interestingly enough, in wild-type mice, peripheral administration of supra-physiologic doses of leptin does not appear to increase locomotor activity [17, 18] . Thus, the effect of leptin on locomotor activity appears to occur within physiologic, not supraphysiologic, concentrations of leptin. In line with this effect of leptin, skinny mice over-expressing transgenic leptin display normal total activity but reduce it after acute leptin suppression operated by a regulatory tetracycline responsive system [18] . This result is particularly fascinating since it is obtained non-invasively and without manipulation of food availability. An acute leptin deficiency produced by abrupt leptin withdrawal and restricted food intake in mice that had been kept on prolonged leptin infusion is associated with a 50 % reduction in locomotor activity. This decrease in activity is not observed when leptin levels are restored by free access to food following leptin withdrawal [20] .
Taken together, these studies indicate that a reduction of physiologic concentrations of leptin, such as that occurring during starvation, may be one of the mediators of the reduced total activity observed in extreme weight loss phenotypes. Restoration of physiologic levels of leptin promotes an increase of locomotor activity up to specific thresholds, while supra-physiologic levels do not have additional effects. Thus, leptin deficiency reflecting a negative energy balance is responsible for a reduction of total activity which appears aimed at energy saving and protection against starvation in the midst of famine.
It may be argued that such an effect of leptin on total activity would be eventually detrimental since it might inhibit food seeking. In this regard, it is of interest to note that whenever food is allowed for a narrow window of time, increasing levels of RWA are observed prior to food delivery; this phenomenon is usually indicated as food anticipatory activity [21] . The behavior of rodents in which food availability is experimentally restricted to few hours/day is characterized by weight loss, hypothermia and increased food anticipatory activity [22] . Whether leptin administration affects food anticipatory activity has been object of specific investigation and indeed it was found that leptin has an inhibitory effect [23] . In line with this action of leptin, ob/ob mice completely lacking leptin display marked food anticipatory activity and peripheral leptin administration completely abolishes it [18] .
All leptin actions on activity can be reproduced when it is administered in very low doses directly into the cerebral ventricles indicating that the effects of leptin on locomotor activity are mediated by the central nervous system [18, 24] .
The melanocortin system is an integral pathway that includes neurons expressing neuropeptide Y (NPY), agouti gene-related peptide (AgRP) or pro-opiomelanocortin (POMC), and their downstream target neurons expressing the melanocortin-3 (MC3R) or 4 receptors (MC4R). Leptin receptors (LepR) are widely expressed in the central nervous system, particularly in the hypothalamus where leptin regulates feeding and energy expenditure. In the arcuate nucleus (ARC), leptin stimulates POMC neurons that exhibit an anorectic action mediated by α-MSH cleaved from POMC. At the same time, leptin inhibits neurons expressing NPY and AgRP, which are potent orexigenic peptides. Alpha-MSH is an agonist for MC4R and MC3R while AgRP is a high-affinity antagonist of both receptors [25] . In mouse models, obesity can result from deletion of the POMC gene, overexpression of AgRP, or deletion of the MC4R gene [26] .
Restoration of leptin receptor signaling in the ARC of otherwise leptin receptor-deficient db/db obese hypoactive mice, normalizes their locomotor activity, despite persistence of obesity [27] . The same effect is obtained when leptin receptor signaling is re-established exclusively in ARC POMC neurons, indicating that these neurons are major mediators of the leptin effect on locomotor behavior [28] .
The signal transducer and activator of transcription factor 3 (STAT3) is a major intracellular effector of leptin action. Mice having constitutive activation of STAT3 in AgRP neurons are lean and hyperactive [29] . In contrast, mice with disruption of STAT3 signaling in neurons expressing LepR show reduced locomotor activity [30] .
Administration of NPY under protocols of food restriction increases food anticipatory activity [31] but does not change total activity in normal fed rats; these findings emphasize the behavioral effects of NPY, which are modulated by changes in the energy state, and point to NPY as a mediator of leptin actions on food anticipatory activity.
It is unclear which further downstream centers mediate leptin locomotor responses, but likely this signal converges on neuronal networks involved in reward and motivation such as the mesolimbic dopamine system [32] and on the sympathetic nervous system which is activated by leptin administration [33] .
MC4R knock outmale mice have lower locomotor activity in the dark phase than wild-type mice [34] . MC4R antagonism achieved by administration of the MC4R antagonist SHU 9119 decreases locomotor activity in rats [35] . This effect persists with feeding paired to normal mice, suggesting that it is not related to an effect on food intake. Interestingly, MC3R knock out mice have lower total activity and higher adipose mass compared to wild-type mice [36] , although this phenotype appears to be restricted to the female gender [37] . Sex steroids control locomotor activity. POMC neurons are presynaptic targets of estrogens [38] and provide synaptic inputs to GnRH-expressing neurons. This could be an explanation for the influence of estrogens on locomotor activity and the related sexual dimorphism sometimes observed in mouse models. MC3-R knock out mice also display attenuated food anticipatory activity associated with reduced AgRP and NPY expression in the ARC [39] . These observations reinforce the impression that AgRP and NPY may influence the development of food anticipatory activity.
In this regard, it is interesting to observe that Nescient helix loop helix 2 (NHLH-2) transcription factor knock out mice show adult-onset obesity due to reduced spontaneous physical activity. NHLH-2 KO mice reduce their activity further after caloric restriction and do not return to baseline activity after free access to food is re-established [40] . If documented in humans, this phenomenon could be one of the mechanisms contributing to weight regain after the discontinuation of diets, an occurrence which can be fostered by leptin resistance [41] . Interestingly, the human homolog of NHLH-2 is implicated in the transcriptional control of MC4-R.
Brain-Derived Neurotrophic Factor (BDNF), a master controller of brain plasticity, is postulated to be a key effector of the leptin/melanocortin action on energy balance [42] . Mice exposed to environmental enrichment, a manipulation of the rearing environment that includes enhanced physical activity and sensory, cognitive, and social stimulation, display enhanced leptin sensitivity along with increased expression of hypothalamic BDNF, increased excitation of the anorectic POMC neurons and increased inhibition of the orexigenic NPY neurons [43, 44] . In other words, it seems that when exposed to a more "wild" life style, the hypothalamus undergoes changes that include a lower threshold for leptin to act, and a restructuring of synaptic connections, orchestrated by BDNF, which potentiates the effects of the systems that inhibit appetite and promote locomotor activity. Thus, it appears that in the natural environment the system is set to limit excessive body fat accumulation that would reduce the ability of animals to exploit their natural functions. We speculate that enriching the environment, if translated into human physiology, may have a relevant role in the promotion of spontaneous activity and represent an additional mean to fight the obesity epidemic.
In summary, the reduction in leptin levels that physiologically occur following acute food deprivation or a reduction of the fat mass consequent to prolonged caloric restrictions is associated with a decrease in total activity and increase in food anticipatory activity at a time when food availability is limited; these actions may be aimed at minimizing energy wasting, while stimulating the locomotor behavior related to food seeking and acquisition of nutrient resources necessary to survival (Fig. 1) . These effects are at least partially mediated by the melanocortin pathway.
Physical activity and fuel homeostasis in humans
The assessment of voluntary exercise in humans may be achieved using several tools: accelerometers (including pedometers), self-reports, questionnaires, direct observation, heart rate monitors, and calorimetry while only few of these instruments are suited to monitor spontaneous activity.
In a sophisticated study employing multisensory devices [45] , it was shown that compared to lean controls, mildly obese subjects spend on average 2 h longer per day in the sitting position and consequently approximately 2 h less per day standing or ambulating. Posture allocation did not change when the obese volunteers lost weight or the lean subjects gained weight. This study suggests the possibility that a low spontaneous activity may predispose to obesity. Furthermore, additional studies have shown that acute overfeeding of both lean and obese subjects causes a reduction of locomotor activity [46] and that the repression of spontaneous activity induced by overfeeding may be more prominent in individuals predisposed to obesity [47] .
Hyperactivity seems to take place in humans under caloric restriction, an example being anorexia nervosa [48] . We speculate that this latter phenomenon may have underlying mechanisms shared with food anticipatory activity, suggesting that at least in specific situations the stimulatory effect of leptin deficiency on food anticipatory activity may dominate over the inhibition on total activity.
An analysis conducted on the Swedish Twin Registry revealed that intra-pair correlations of physical activity were twice as high in monozygotic compared to dizygotic twins [49] , suggesting an influence of genetic factors on the regulation of activity. In the largest twin studies, the variance of physical activity attributed to genetic factors has been proven to be approximately 50 % [49, 50] reaching estimates as high as 78 % in the only report in which activity was directly measured [51] .
Up to date, less than two dozens of studies have investigated the genetic basis of physical activity (intended as intensity or duration) using different approaches: linkage studies, association studies and genome-wide association studies [52] . Several studies based on candidate genes had focused on the leptin and melanocortin pathway. In a study including 669 subjects from 200 families of the Quebec Family Study [53] , a polymorphism (C-2745T) located nearby the melanocortin 4 receptor gene was associated with the intensity of physical activity. Limitations of these observational cross-sectional studies are the lack of causality and the imperfect tools employed to assess nature and intensity of physical activity, mostly based on self-reported recall and questionnaires. Nevertheless, two genome-wide linkage studies have confirmed a linkage between physical activity and loci harboring MC4-R [54, 55] . Furthermore, one study has identified a single-nucleotide polymorphism 1704 (SNP 1704) located in the 3′ flanking region of MC4R, which may disrupt a micro-RNA binding set, as having a strong effect on activity assessed by the use of accelerometers [56] .
Pima Indians who were homozygous for the Arg223 polymorphism of leptin receptor showed lower levels of physical activity, calculated as the ratio of total energy expenditure to basal metabolic rate assessed by a respiratory chamber, as compared to those homozygous for the Gln223 encoding allele [57] . Leptin receptor single-nucleotide polymorphisms were confirmed to be associated with voluntary activity in a small genome-wide association study [58] . In multivariate analysis, leptin levels explain 37 % of the variation of activity in anorexia nervosa [59] . Interestingly, physical exercise may influence leptin secretion, by acutely reducing its circulating levels [60] even in the absence of body weight changes [61] .
In humans, intuitive candidate genes for explaining the relevant inter-individual variability of physical activity are those controlling the reward or motivation systems. A dopaminergic receptor D2 gene sequence variation was indeed found to be associated with physical activity levels [62] .
In conclusion, unraveling the complexity of the regulation of physical activity and the interconnections with the pathways involved in energy homeostasis may help explain some of the substantial individual variability in locomotor or physical activity.
In light of the recent difficulties in finding drugs with a safe and durable impact on body weight, an alternative approach to be employed in the future may be represented by stimulating physical activity and leptin sensitivity or reproducing its beneficial effects on weight control. Identification of gene variants positively associated with beneficial effects of increased locomotor activity in obese individuals may further help in the selection of subsets of patients potentially responding to such therapeutic approach.
